Light and dark "4CO2 assimilation, pulse-chase (14CO2 followed by 12C02) labeUng experiments both in the Ught and in the dark, photorespiratory activity and some enzymes (ribulose 1,5-bisphosphate (RuBP) carboxylase, phosphoenolpyruvate (PEP) carboxylase, and NADP-malic enzyme) were followed in sections of 2.5 centimeters from the base (younger tissue) to the tip (oldest tissue) of the green maize leaf. Tissue was taken from the third leaf of 12-to 16-day-old plants consisting of sections 0 to 2.5 centimeters (base), 4.5 to 7.0 centimeters (center) and 9.0 to 11.5 centimeters (top) measured from the base. Some of these properties were also determined in the intact leaves of 4-day-old maize plants.
"CO2 was found in malate and aspartate in all sections and in 4-day-old leaves. The "C-labeling pattern typical of C4 plants was present in the center and top sections and to a lesser extent in the 4-day-old leaves. In the base tissue, the percentage of radioactivity in malate and aspartate remained relatively constant both during photosynthesis and pulse-chase experiments. In contrast, radioactivity in glycerate-3-phosphate decreased with time coupled to an increase in sugar phosphates. To account for the isotopic pattern in the base tissue, parallel fixation by PEP carboxylase and RuBP carboxylase was proposed with the photosynthetic carbon reduction cycle functioning to some extent independently within the bundle sheath chloroplasts. The apparent lack of cooperation between the mesophyll and bundle sheath cells may have been due to inadequate levels of NADP-malic enzyme required for shuttling carbon as CO2 from the PEP carboxylase products to the Calvin cycle.
As monitored by isotopic distribution patterns in intact leaves (15, 21, 24) , tissue age may be a factor influencing the assimilatory route of CO2 reduction in plants usually considered C4. In a recent short communication, Raghavendra et al. (21) reported a shift in the photosynthetic carbon fixation pathway from a C3 to C4 mode in leaves of the dicot, Mollugo nudicaulis, as development proceeded. This shift in carbon assimilatory pathway was stated to be accompanied by the appearance of a Kranz anatomy in the older Research supported by grants from the Department of Energy EY-76-S-02-3231-14 and National Science Foundation GM158610. leaf tissue. A decrease in photorespiratory activity accompanied this transition in leaf structure. Waygood and Law (24) noted briefly that in the maize plant the primary leaves utilized the Calvin cycle while the older leaves assimilated carbon by the C4 pathway. Also with maize, Williams and Kennedy (26) did not find a difference in the distribution pattern of photosynthetic products for young, mature, and senescent leaf tissue after short exposure to labeled CO2. In contrast to a fixed photosynthetic pattern, they reported an increase in the photorespiratory rate during leaf ontogeny. In an earlier publication Kennedy and Laetsch (15) reported that the photosynthetic products of Portulaca oleracea differed considerably depending on leaf age. Senescent leaves in contrast to young leaves were characterized by a shift of primary photosynthetic products toward phosphorylated sugars and PGA3 with a concomitant reduction in label located in malate and aspartate. These authors concluded that the stage of leaf development was a decisive factor when evaluating the primary carboxylation products.
In a previous report from this laboratory (19) , chloroplasts isolated from approximately 4-day-old maize plants assimilated CO2 but not malate to starch by the Calvin cycle. This result was unexpected since maize has been classified as a C4 plant utilizing bundle sheath chloroplastic NADP-malic enzyme as the principal means of providing CO2 from malate for the RuBP carboxylase reaction (8) . The structure of the chloroplasts was such that their origin from mesophyll or bundle sheath cells could not be distinguished by electron microscopy. The speculation was presented then that perhaps juvenile in contrast to mature tissue reduced CO2 through the ubiquitous photosynthetic carbon reduction pathway.
Hitherto (30) . Illumination was supplied by a 150-w flood lamp. Tubes were transferred to a second water bath, also at 30 C where light at the desired intensity for CO2 fixation was supplied by a locomotive headlamp (General Electric No. 100 PAR). The tubes were flushed for an additional 2 min with the humidified gas mixture being tested. At the end of this gassing period, 5 ml of gas was withdrawn and unless stated to the contrary, 5 ml containing 4 ,umol 14C02 (32 ,uCi) was injected (final concentration 1,840 ,ul/l1).
At the end of the fixation period the serum stopper was removed and the slide and tissue was dropped into liquid N2. The tissue was ground under liquid N2 and the powder was poured into a centrifuge tube. The powdered material was extracted at 70 C for 30 min with 80% (v/v) ethanol. Following centrifugation, the supernatant fluid was analyzed for radioactivity and Chl (1, 28 (17) .
RESULTS
Tissue Characteristics. The base tissue was tightly rolled and was surrounded by the primary and secondary leaves. Rudimentary Kranz anatomy was present in cross-sections of the base tissue ( Fig. 1) . At higher magnification (34,000-fold) bundle sheath and mesophyll chloroplasts were almost indistinguishable (illustrative material is not shown since the plastids resemble those in ref. 16) . Chloroplasts from neither cell type contained starch. Occasional overlapping was seen in bundle sheath chloroplasts while a few mesophyll plastids contained stacks of two to four grana. No mature stomates were observed. Tissue from just above the mesocotyl showed no prolamellar bodies as seen in the pictures of Leech et al. (16) .
The center sections was distinguished by the appearance of grana stacks of 8 to 10 lamellae in the mesophyll chloroplasts, but no starch. The bundle sheath chloroplasts only rarely had grana stacks and then of only 2 to 3 lamellae. Some starch grains were evident. There was little change seen in the morphology of the top section when compared to the center. Plasmodesmata were evident in all sections.
The Chl content, fresh weight, and dark respiration rates are presented in Table I . No attempt was made to cut equilinear sections which may account for roughly equal fresh weights in the lower sections. The Chl content increased 6-to 7-fold from the base to the top of the leaf. The Chl a/b ratio was 2.5 + 0.7, 3.1 ± 0.5, and 3.2 ± 0.5 for base, center, and top sections, respectively. The respiratory rate was highest in the base section, more so, on a Chl rather than fresh weight basis. The high respiration rate was not unexpected since cell division and major synthesis of cell components occurs in the intercalary meristem contained in the base section. Marsh and Goddard (18) Sensitivity of Photosynthesis to 02. A well established photosynthetic characteristic of C4 type plants is their relative indifference to levels of 02 when contrasted to C3 plants (31) . A closer examination of 02 sensitivity was undertaken by measuring the photorespiratory rate in the leaf sections, 4-day-old plants, and pea leaf discs using the technique of Zelitch (30) . Of the sections photorespiration was evident only in the base as monitored by light/dark ratios of CO2 release rates greater than one and approached that seen in pea leaf discs (Table II) . The rate (slope) of (8.6 ,Ci/,umol) was injected through the serum cap. After a 10-s pulse with '4Co2, the cap was removed and the tubes were again flushed with air in the dark for the duration of the experiment. Tissue was killed and extracted at the times indicated. Sugar phosphates (fructose 1,6-bisP, fructose-6-P, glucose-6-P, RuBP) (0); PGA (A); malate plus aspartate (0); citrate (A); remaining compounds (mainly organic and amino acids) (O). Alanine was omitted since in the top and center sections, this amino acid was essentially unlabeled. In the base, the value increased from nil to roughly 5% during the chase period.
release by the sections in the light increased as the 02 concentration was increased in the gas phase. The rate of release in the dark was little affected by 02 concentration. In 4-day-old leaves the same pattern was seen as far as light/dark ratios were concerned but the rates appeared independent of 02 concentration.
Enzyme Activities. PEP carboxylase, RuBP carboxylase, and NADP malic enzyme activities were measured in each tissue section (Table III) . In all sections, PEP carboxylase had a higher activity than RuBP carboxylase or NADP-malic enzyme. The ratio increased from top to base with an intermediate value recorded for the center section. In the top and center sections, FIG. 5 . Distribution of isotope in photosynthetic products from maize leaf sections after a pulse-chase experiment carried out in the light. Tubes were flushed with air for 2 min while being irradiated at 170 w/m2 after which 14CO2 (9.6 ,uCi/,umol) was injected. After 10 s, the serum cap was removed and tubes were again flushed with air in the light for the duration of the experiment. Tissue was extracted at the times indicated. Sugar phosphate (fructose 1,6-bisP, fructose-6-P, glucose-6-P, RuBP) (0); PGA (A); malate plus aspartate (0). The remaining compounds not represented here were alanine, citrate, and other organic and amino acids. After I min their approximate percentages were alanine, 2; citrate 3; and remaining compounds, 9, in all sections.
RuBP carboxylase was roughly equivalent to NADP while malic enzyme in the base this carboxylase was double that of the decarboxylating enzyme.
DISCUSSION
An attempt has been made in the last decade to relate a number of distinguishing characteristics to C4 photosynthesis. These include Kranz anatomy, response of photosynthesis to 02, lack of evolution of CO2 in the light, a high level of PEP carboxylase with (8) . In our study an attempt was made to determine whether some of these properties relate to tissue maturation expressed by the developing maize leaf and, in turn, to C3-C4 modes of photosynthesis since there have been reports of a transition in the assimilation of CO2 during leaf maturation. Over-all C4 metabolism requires balanced rates of dicarboxylate production from PEP in mesophyll cells, transport of these products to the bundle sheath, decarboxylation in the bundle sheath cells, and net fixation in the Calvin cycle. Only the later autocatalytic reaction sequence is capable of increasing the plant's net fixed carbon levels (12) . A relative deficiency in either the transport of malate, or in its decarboxylation in the bundle sheath cells, may account for the patterns of CO2 fixation found here, especially in very young maize tissues.
Labeling data of early photosynthetic products showed that the bulk of the isotope was incorporated into malate and aspartate in all three sections (Fig. 2) . With time, there was a decrease of labeling in the C4 acids in the center and top sections. Coupled to a decrease of labeling in the C4 acids was a substantial increase in the sugar phosphates. We interpret the data in Figure 2 to indicate that the C4 pathway was present in the center and top sections. On the other hand, the pattern in the base tissue was unlike that seen in the older cells. In the base tissue the percentage of label in aspartate plus malate was virtually unchanged. The fraction of total label incorporated into PGA declined early and was offset by individual small increases in sugar phosphates, citrate, alanine, and other organic and amino acids.
To gain further insight into this difference in carbon assimilation, dark fixation (Fig. 3) and pulse-chase experiments both under darkness (Fig. 4) and in the light (Fig. 5) were carried out.
Once again, the primary products of all tissues exposed to 4CO2 for short periods both under darkness or in the light were aspartate and malate. Tissue development was an important factor in determining the subsequent fate of the newly fixed radioactivity (Fig.  2) . Clearly the precursor-product relationship between malate plus aspartate and the sugar phosphates observed in the more developed tissues was not seen in the younger tissue.
A comparison of the products for dark 14CO2 fixation in Figure   3 with that of light fixation in Figure 2 indicates that in addition to tissue age, irradiance was a crucial factor in determining isotope flow from the primary fixation products. Whereas in the light, the percent of radioactivity in the dicarboxylates remained constant in the base, in the dark, it fell from 92 to 70%o in 2 min. The opposite was seen in the older tissue; in darkness malate plus aspartate tended to change relatively little.
Pulse-chase experiments carried out entirely in the dark (Fig. 4 ) or in the light (Fig. 5) tended to mimic the findings illustrated in Figures 3 and 2 , respectively. Once again, light tended to retain the level of radioactivity in malate plus aspartate in the base accompanied by a fall in PGA and an offsetting rise in sugar phosphates. On the other hand, a light-dependent product-precursor type relation was observed between sugar phosphates and the dicarboxylates in the older tissue.
Before proposing an explanation for these findings, the distribution of the two carboxylating and the one decarboxylating enzyme followed in the sections needs consideration (Table III) . Even though the absolute value of these three enzymes, determined on a Chl basis, were roughly 20-30% of those seen by others (I 1, 27) , the relative values demonstrate the presence of the enzymes in proportion to the photosynthetic rates observed. The discrepancy in detected activity may have been caused by differences in extraction procedures resulting in only partial activity. However, the absolute values for the three enzymes and the enzymic ratios presented in Table III (8, 22, 23) , it was characterized as a chloroplast associated enzyme. Gibbs et aL (7) and Weidner et al. (25) presented evidence that the NADP-malic enzyme was located outside of the bundle sheath maize chloroplast. If CO2 produced in the cytoplasm of maize was assimilated by the photosynthetic carbon reduction cycle in these cells, so should CO2 from the atmosphere be available to RuBP carboxylase since there exists in leaves of C4 plants free spaces through which CO2 could diffuse to bundle sheath cells (6) .
We interpret our tracer and enzyme findings to indicate that the C4 pathway functioned in the more differentiated tissue, represented by the center and top sections, and possibly the 4-dayold leaves. We have shown in the base sections similar to the upper sections that the predominant fixation products were aspartate and malate but that isotopic transfer in terms of CO2 was apparently rate-limiting from these compounds to RuBP possibly due to lack of availability of the C4 acids to malic enzyme.
We were impressed by the high level of isotope remaining in the base tissue in aspartate and malate and its decreased utilization in the light (Figs. 2 and 5 ) in contrast to the dark (Figs. 3 and 4) . Under darkness, these compounds are readily metabolized by the citric acid cycle since isotope was found in compounds such as citrate and alanine. This rapid flow into such compounds was consistent with the higher rate of respiration in the less differentiated tissue (Table I) . On the other hand, light apparently impaired this route.
We have shown that the activity of PEP carboxylase with respect to RuBP carboxylase and more importantly to the NADPmalic enzyme was highest in the young tissue (Table III) (Fig. 5) . Further supporting evidence for a limited communication between the two carboxylases in the young tissue was the PGA-sugar phosphate patterns illustrated in Figure 5 . Here PGA resulted from a direct carboxylation of RuBP primarily with atmospheric CO2. The evidence for this arises from the fact that once "'CO2 was replaced by '2CO2, PGA radioactivity declined to near zero as sugar phosphates rose. Only a negligible increase in label in sugar phosphates was seen after 30 s and no label was evident in PGA (compare to the top and center sections).
It seems that the stage of tissue development may affect the expression of photosynthetic CO2 assimilation when two distinct carboxylases are present. In the present work with maize, PEP carboxylase remained the dominant CO2 fixing enzyme at all stages, as indicated by the bulk of newly incorporated "'CO2 remaining in malate and aspartate. In addition, the maize vascular bundles were surrounded by sheath cells in all sections (Fig. 1) . This pattern of CO2 fixation differed in Mollugo (21) (26, 30, 31) . In contrast, a light to dark ratio of one or less was correlated with the "02-independent" plants such as maize (26) and Portulaca (13, 14) .
The photorespiratory data presented in Table II showed that in all three gas treatments (N2, 21% 02, 100%0 02), when the light was turned off there was a decrease in CO2 release by the base tissue and the 4-day-old leaves resulting in a light/dark ratio higher than 1. We interpret these ratios to indicate an altered light respiration since the slopes representing 14CO2 evolution in the light changed with 02 concentration while the slopes in the dark were relatively unaffected (data not shown). In the developmental sequence it was apparent that the maize tissue represented by the base section and the intact leaves taken from young plants began to resemble the response in pea leaf discs. In sharp contrast, the top and center slices always displayed dark release rates far in excess of those in the light, i.e. light/dark ratios much less than 1 characteristic of mature maize plants (27) . These data were consistent with compensation points of 1 and 2 ,Il/l determined for the top and center sections, respectively, using an open system IR gas analyzer. Attempts to obtain a compensation value for base material were not successful.
We are fully aware of the claimed pitfalls of evaluating photorespiration by the light/dark 14C assay (4) . We are wary of the fact that the light/dark ratios in the base section and the 4-dayold leaves did not approach 3, characteristic of so-called "high photorespirers." In contrast to these plants, the undifferentiated tissues evaluated here contained fairly high levels of PEP carboxylase (Table III and ref. 7 ) which may account in part for the lower light/dark ratios. Nonetheless, we remain impressed by the striking difference in photorespiratory response between the less and more developed tissues represented by base and top sections. In agreement with other reports, we conclude that photorespiratory activity was affected by the developmental stage of the tissue. These workers evaluated photorespiration in intact leaves ofmaize (26) or Mollugo nudicaulis (21) taken from differing positions on the same plant rather than from successive sections of the same leaf.
